Abstract. We report that the optical frame orientation is wavelength independent over the entire transmission range of the nonlinear monoclinic crystal Ca4YO(BO3)3 (YCOB). We used a new method based on internal conical refraction associated with X-rays diffraction using a single crystal cut as a sphere. Direct measurements phase matching angles of second harmonic generation (SHG) were performed in the principal planes of the spherical crystal for fundamental wavelengths up to 3.5 µm, while three absorption peaks have been measured above 2.4 µm. By fitting all data simultaneously, we found new dispersion equations of the refractive indices of YCOB which are valid in its whole transmission domain.
INTRODUCTION
In the past few years, litterature has widely reported a new biaxial crystal belonging to the calcium-rare-earth oxoborate family, Ca 4 YO(BO 3 ) 3 (YCOB). The objectives of the present study were : to propose a new method for the determination of the orientation of the optical frame of a monoclinic crystal as a function of the wavelength, to perform direct measurements of types I and II phase-matching SHG directions in order to determine reliable dispersion equations of the refractive indices in the whole transmission domain of YCOB.
OPTICAL FRAME ORIENTATION AS A FUNCTION OF WAWELENGTH
YCOB crystallizes in the monoclinic crystal system and belongs to the Cm space group. The unit cell contains a mirror which is perpendicular to the b-axis. Then the optical frame (x, y, z) does not correspond to the main axes of the crystallographic coordinate system, (a, b, c). For the crystal class m, the y-axis is considered parallel to the b-axis and the x-z axes are tilted around b (or y) from the a-c ones. We report a method for the study of the optical frame as a function of the wavelength which is to our knowledge, the first measurement of that kind. In a first step, a YCOB sphere was mounted on a X-rays automatic diffractometer which was coupled with a He-Ne laser beam at λ! = 0.6328 µm. The sphere was oriented in order to propagate the HeNe focalised beam in any direction of the a-c plane. From X-rays orientation we marked out the goniometric positions of the a-axis and caxis. Then by rotating the sphere through 360° in that plane we can observe the four hallow cones which correspond by pairs to the two optical axes of internal conical refraction as shown in figure 1a. These two axes being symmetrical in comparison with z and x axis, we are also able to mark out the goniometric positions of the z-axis and x-axis. We get ! az = 24.7° and ! cx = 13.4°, at λ = 0.6328 µm with a precision of about ± 0.1°.
The three pictures of figure 1a show the typical patterns which are observed when the incident laser beam propagates in three characteristic directions of the x-z plane of YCOB : the hollow cone which correspond to an optical axis; the single spot relative to x or z; the two spots showing the double refraction effect which exists for a crystallographical axis or any other direction. In a second step, the same goniometric head with the YCOB sphere was placed at the center of an Euler circle and coupled to a tuneable laser in order to keep the goniometric positions of a, c, z and x found in the first step.The z-axis position and the ! az angle were measured as a function of the wavelength up to 2.2 µm and it clearly appears that ! az can be considered as wavelength independent within the accuracy of our measurements (±0.5°) : we found ! az = 24,7±0.5°. The previous set of data also lead to the determination of the dispersion of the angle V z (λ) between the optical axes and the z-axis which was compared with calculation using dispersion equations of Ref. 1 . We see from the two plots given figure 1b that there is a strong disagreement, especially above 1.1 µm where the refractive indices were only extrapolated.
PHASE MATCHING PROPERTIES AND DISPERSION EQUATIONS
This study was devoted to the establishment of dispersion equations of the refractive indices of YCOB, reliable over the entire transmission range, on the basis of the optical axis data given above and of SHG phase-matching angles also measured on the sphere as described below. In a first step, unpolarized optical transmission spectra have been recorded between 0.32 µm and 3.3 µm showing a transmission reaching 80% from 0.3 µm to 2.4 µm, followed by three large infrared absorption peaks observed at 2.7 µm, 2.9 µm and 3.2 µm. In a second step, we performed direct and accurate measurements of phase-matching angles using the same sphere and tuneable source as for the optical frame study. The quality of the results relies on the implication of the three principal refractive indices over a wavelength range as large as possible. It was sufficient to perform only SHG phase-matching measurements since we used a tuneable source as fundamental beam which allowed us to reach the infrared cutoff. It was also enough to consider the three principal planes of YCOB. The accuracy of the measurements being of about ± 0.3°. As an example, an experimental phase-matching curve of type I SHG in x-z plane is given in figures 2-a for fundamental wavelengths up to 3.5 µm. We can notice that the curve behaviour is never affected by the three absorption peaks despite of their strong magnitude. Figures 2-a also gives theoretical curves which are calculated by using dispersion equations of Ref. 1 . We see a disagreement between these calculated curves and our experimental data. More generally, the discrepancy appears essentially above 1.5 µm for types I and II SHG in all the principal planes and may be really strong. In a third step, we determined new dispersion equations of the refractive indices by considering the phase-matching angles data and the optical axes angle measurements as a function of the wavelength. All the data were simultaneously fitted using a gradient algorithm and we have only been able to fit the data with a 5-parameters polynomial development of the form : 
CONCLUSION
We have shown that it is possible to study the wavelength dispersion of the optical frame of a monoclinic crystal as well as to perform phase-matching measurements.by using only one single sample cut as a sphere. The powerful sphere method applied to YCOB has also allowed us to determine new dispersion equations of the refractive indices which are reliable over its entire transmission range.
